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We propose a trap for cold neutral atoms using a fictitious magnetic field induced by a nanofiber-
guided light field. In close analogy to magnetic side-guide wire traps realized with current-carrying
wires, a trapping potential can be formed when applying a homogeneous magnetic bias field per-
pendicular to the fiber axis. We discuss this scheme in detail for laser-cooled cesium atoms and
find trap depths and trap frequencies comparable to the two-color nanofiber-based trapping scheme
but with one order of magnitude lower powers of the trapping laser field. Moreover, the proposed
scheme allows one to bring the atoms closer to the nanofiber surface, thereby enabling efficient
optical interfacing of the atoms with additional light fields. Specifically, optical depths per atom,
σ0/Aeff , of more than 0.4 are predicted, making this system eligible for nanofiber-based nonlinear
and quantum optics experiments.
PACS numbers: 37.10.Jk, 42.50.Ct, 37.10.Gh
Trapping and optically interfacing cold neutral atoms
in the near field of nanophotonic structures have at-
tracted considerable attention in recent years [1–3]. A
successful and highly promising approach in this en-
deavor relies on the use of optical dipole forces of a blue-
and a red-detuned nanofiber-guided light field in order
to form a so-called two-color trap [4, 5]. This scheme
has been demonstrated experimentally for laser-cooled
cesium, storing the atoms at about 200 nm above the
nanofiber surface [1, 2]. Other types of nanofiber-based
traps for cold atoms have been discussed theoretically,
relying on, e.g., the combination of an attractive poten-
tial of a red-detuned field and the repulsive potential of
the centrifugal force [6], the interference of higher-order
modes [7, 8], a diffracted laser field impinging perpen-
dicularly to the fiber [9], or by modifying the two-color
scheme to form a helical trapping potential [10].
In this paper, we propose a nanofiber-based trap for
cold neutral atoms that relies on the Zeeman-state-
dependent energy level shift induced by a nanofiber-
guided light field. Our work has close conceptional ties
with optically induced hybrid traps on atom chips [11]
and is focused on exploiting the advantages offered by
optical nanofibers. Specifically, our trapping scheme fea-
tures a lower required power of the guided trapping light
compared to the two-color trap as well as a smaller dis-
tance between the atoms and the fiber surface. This en-
ables a better coupling of the trapped atoms to additional
light fields. Moreover, the proposed scheme is closely re-
lated to magnetic wire traps, allowing one to benefit from
the well-established methods developed in this field.
We consider a cylindrical dielectric waveguide of re-
fractive index n and radius a surrounded by vacuum.
For a sufficiently small radius a, typically a few hun-
dred nanometers, this system acts as a single-mode wave-
guide for light. The only sustained mode of this optical
nanofiber is the hybrid HE11 mode [12]. Light propagat-
ing in optical nanofibers is strongly guided and, hence,
exhibits a significant longitudinal polarization compo-
nent. In addition, a large fraction of the total opti-
cal power P of the guided field propagates outside of
the nanofiber in the form of an evanescent wave [13].
We sketch a typical intensity distribution for a quasi-
circularly polarized nanofiber-guided mode in Fig. 1(a).
Generally, the energy levels of an atom exposed to a
light field are modified due to the ac-Stark effect. For
alkali atoms in their electronic ground state, this light
shift has two contributions arising from the scalar and
vector polarizabilities of the atom. The scalar light shift
is the same for all Zeeman states within one hyperfine
manifold. Here, we make this contribution vanish by
using a nanofiber-guided trapping field at a “tune-out”
wavelength [14]. For 133Cs atoms, this is achieved at
λtrap = 880.25 nm, which is in between the D1 line
(≈ 894 nm) and the D2 line (≈ 852 nm) such that their
contributions to the scalar shift exactly cancel. The re-
maining effect of the nanofiber-guided light field on the
atomic levels arises from the vector light shift only. The
latter depends on the magnetic quantum number mF and
can be expressed as the effect of a light-induced fictitious
magnetic field [15, 16]
Bfict =
αvnJF
8µBgnJFF
i[E∗ × E] . (1)
Here, µB is the Bohr magneton, gnJF is the Lande´ factor
for the hyperfine level |nJF 〉, αvnJF is the conventional
vector polarizability of the particular hyperfine level, and
E is the positive-frequency electric field envelope for a
light field, which is related to the electric field E by
E = 1/2 (Ee−iωt + c.c.). The magnitude of the light-
induced fictitious magnetic field Bfict is proportional to
the intensity of the light field, and the direction of Bfict is
determined by the sign of αvnJF and by the cross product
i[E∗ × E]. If the light field exhibits a polarization with
nonzero ellipticity, the fictitious magnetic field points in
a direction perpendicular to the plane defined by the cir-
culating electric field vector. For linearly polarized light,
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FIG. 1. (a) Schematic intensity distribution of a nanofiber-
guided light field propagating in the +z direction with quasi-
circular polarization. (b) Schematic vector profile of the fic-
titious magnetic field Bfict induced by the light field shown
in (a) with counter-clockwise polarization. A cesium atom
in the 6S1/2 ground state is assumed and the wavelength of
the guided field lies between the cesium D-lines. (c) Radial
dependence of the components Bfictϕ (blue curve) and B
fict
z
(red curve) of the fictitious magnetic field. Calculations are
for a guided field at λtrap = 880.25 nm of optical power
P = 1.2 mW and a radius of the nanofiber of a = 230 nm.
Bfict = 0.
In Fig. 1(b), we show schematically the fictitious mag-
netic field Bfict induced by a quasi-circularly counter-
clockwise polarized light field guided in the HE11
mode [17]. The fictitious field Bfict can be decomposed
into two components, azimuthal and axial. The az-
imuthal (ϕ-) component (blue arrows) has the same ori-
entation as the magnetic field around a current-carrying
wire. The axial (z-) component of Bfict (red arrows) is
parallel to the direction of propagation of the guided field.
This component has no equivalent in current-carrying
wires. Furthermore, the radial (r-) dependence of Bfict
differs from the 1/r-behavior encountered in the case
of current-carrying wires. In Fig. 1(c), we plot the az-
imuthal and axial components of Bfict as a function of
the radial position. Analytically, Bfict is given by
Bfict =
αvnJF
4µBgnJFF
[Im(EzE∗r )ϕˆ+ Im(ErE∗ϕ)zˆ] , (2)
E = (Er, Eϕ, Ez)
= A(rˆer + ϕˆeϕ + zˆez) exp(iβz + iϕ) . (3)
Here, (rˆ, ϕˆ, zˆ) are the unit vectors and e(r) is the unnor-
malized mode-profile vector function of the electric part
of the fundamental guided mode HE11. The components
of the latter are given by [12]
er = i[(1− s)K0(qr) + (1 + s)K2(qr)],
eϕ = −[(1− s)K0(qr)− (1 + s)K2(qr)],
ez =
2q
β
K1(qr) . (4)
The above equations for e(r) are valid for r > a,
i.e., outside of the nanofiber. The notations Jn and
Kn stand for the Bessel functions of the first kind and
the modified Bessel functions of the second kind, respec-
tively. The parameter s is defined as s = (1/h2a2 +
1/q2a2)/[J ′1(ha)/haJ1(ha)+K
′
1(qa)/qaK1(qa)] with h =
(n21k
2−β2)1/2 and q = (β2−n22k2)1/2. Other parameters
are the propagation constant β of the guided field, and
the free-space wave number k of the field. The normal-
ization constant A in Eq. (3) can be determined from the
optical power of the nanofiber-guided light field.
For an atom in the electronic ground state, the ficti-
tious magnetic field behaves in almost every respect like a
real magnetic field [15–17]. In particular, both fictitious
and real magnetic fields are pseudo-vectors. Thus, the
fictitious magnetic field Bfict can be vector-added to any
static real magnetic field B, such that the atom is in total
exposed to the effective magnetic field Beff = Bfict +B.
This has been found in early work by Cohen-Tannoudji
and Dupont-Roc [15], and further supported in various
experiments, demonstrating, e.g., optically induced spin
precession in an atomic beam [18].
Based on these considerations and in analogy to the
side-guide traps using current-carrying wires [19–21], we
propose to create an optical wire trap for neutral atoms.
For this purpose, we apply a magnetic bias field Bbias
perpendicular to the axis of the nanofiber in Fig. 1.
Similar to conventional side-guide wire traps, low-field-
seeking atoms can be confined in the (x, y)-plane around
a line of minimal magnetic field that forms parallel to the
nanofiber axis. The shift of the internal-state energy of
a paramagnetic atom due to the effective magnetic field
Beff is given by
Umag = −µ ·Beff , (5)
where µ is the magnetic moment of the atom. If µ can
adiabatically follow the direction of the local effective
magnetic field while the atom moves within the potential,
then Eq. (5) simplifies to [22]
Umag = µBgnJFmF |Beff | . (6)
For the trap presented here, the separation between the
atom and the nanofiber is on the order of a few hun-
dred nanometers and surface effects have to be taken
into account. We include the latter into our calcu-
lations using a van der Waals potential of the form
UvdW = −C3/(r−a)3, where C3 = 5.6× 1049 Jm3 [5] for
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FIG. 2. Contour plot of the potential energy of a cesium atom
in the optical wire trap. The cross section of the nanofiber
is marked as a solid gray disk at the bottom of the figure.
The unit of the contour labels is kB · µK where kB is Boltz-
mann’s constant. Parameters are as in Fig. 1(c); a magnetic
bias field Bbias = 22 G is applied in the −x-direction. The
van der Waals potential induced by the nanofiber is taken into
account as UvdW = −C3/(r − a)3 with C3 = 5.6× 1049 Jm3.
cesium. The total potential energy shift of the atom is
then given by U = Umag + UvdW.
We now discuss the characteristics of the optical wire
trap. Specifically, we calculate the potential energy U of
a 133Cs atom in the state
∣∣6S1/2, F = 4,mF = 4〉. Fig-
ure 2 shows the trapping potential calculated for a sil-
ica nanofiber with refractive index n = 1.45, radius
a = 230 nm, a guided trap light field with a power
of 1.2 mW, and a homogeneous magnetic bias field of
22 G, applied along the −x-direction. A local minimum
of U is formed about 150 nm above the nanofiber sur-
face at (x = 0, y0 ≈ 150) nm. The depth of the po-
tential U0/kB ≈ 300 µK in Fig. 2 is sufficient for stor-
ing laser-cooled cesium atoms. Note that, in contrast
to conventional wire traps, the azimuthal component of
the fictitious magnetic field and the applied bias field do
not completely cancel each other at the minimum of the
trapping potential. This is connected to the presence of
the spatially varying z-component of the fictitious mag-
netic field, Bfictz . When neglecting surface effects, the
local minimum of the potential in the fiber transverse
plane, U(r, ϕ), can be determined from the condition
∇|Beff(r, ϕ)| = 0. For a bias field oriented along the
−x-direction, the minimum of the potential in the radial
direction can be found be solving
0 = (Bfictϕ (r) +Bbias sinϕ)∂rB
fict
ϕ (r)
+Bfictz (r)∂rB
fict
z (r) . (7)
As opposed to conventional wire traps, the term
∂rB
fict
z (r) generally differs from zero in the case of the
optical wire trap.
We now investigate the dependence of the optical wire
trap on various parameters that can be readily varied ex-
perimentally. The distance between the trap minimum
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FIG. 3. Trapping potential U(x = 0, y) for P = 1.2 mW
and Bbias = 10 . . . 34 G. The black solid line corresponds to
Bbias = 10 G, the cyan solid line to Bbias = 34 G, the incre-
ment is 3 G. Other parameters are as in Fig. 2.
and the fiber surface can be influenced by altering the ra-
tio of the strengths of the fictitious field and the bias field.
In Fig. 3, the trapping potential U(x = 0, y) is shown for
a fixed optical power P = 1.2 mW and different strengths
of the bias field in the range Bbias = 10, . . . , 34 G for in-
crements of 3 G. For each calculated potential, we add
an energy offset such that U(x = 0, y → ∞) = 0. For
increasing Bbias, the separation between the trap mini-
mum and the surface of the fiber reduces. For the trap
configurations with Bbias = {25, 28, 31, 34} G, the rela-
tive contribution of UvdW to the total trapping potential
is so large that the potential opens towards the surface
of the nanofiber. Changing the trap depth while keeping
the position of the trap minimum approximately con-
stant can be achieved by scaling P and Bbias propor-
tionally. In Fig. 4, the trapping potential U(x = 0, y) is
shown for P = κ · 1.2 mW and Bbias = κ · 22 G with
κ = {0.5, 1, 1.5, 2, 2.5, 3}.
Table I lists the trap depth U0, the separation y0−a be-
tween the trap minimum and the surface, and the radial
and azimuthal trap frequencies (ωr, ωϕ) for five exam-
ple trapping configurations. The traps (a) to (d) have
a depth that is suitable for storing laser-cooled atoms
and exhibit trapping frequencies between a few ten kHz
and a few hundred kHz. Configuration (e) exhibits a
smaller trap depth, aimed for the storage of ultracold
atoms. This configuration requires a lower trapping laser
power of only P = 150 µW and yields trap frequencies of
a few ten kHz. In all five cases, the separation between
the trap minimum and the surface of the fiber is between
about 100 nm and 200 nm.
A small distance between the trap minimum and the
surface of the nanofiber allows one to efficiently interface
the atoms with additional guided light fields. A sim-
ple and common measure for the strength of this cou-
pling is given by the resonant optical depth per atom
σ/Aeff [1, 2, 23]. Generally, the on-resonance cross sec-
tion of the atom is given by σ = ~ωΓ/(2Isat) with the
decay rate of the excited state Γ and the saturation inten-
sity Isat. Here, we approximate σ as σ0 = 3λ
2/2pi, which
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FIG. 4. Trapping potential U(x = 0, y) for P = κ · 1.2 mW
and Bbias = κ · 22 G with κ = {0.5, 1, 1.5, 2, 2.5, 3}. The
black solid line corresponds to κ = 0.5, the magenta solid
lines corresponds to κ = 3. The trap depth is changing while
the position of the trap minimum is approximately constant.
Other parameters are as in Fig. 2. The common crossing point
of all potential lines results from the chosen presentation of
the data in conjunction with the proportional scaling of P
and Bbias by the factor κ.
is the on-resonance cross section of the atom driven on
a cycling transition in free space. We note that this de-
scription neglects a possible increase of the spontaneous
emission rate of the trapped atom due its close proximity
to the fiber surface [24–26]. The effective mode area Aeff
of a guided probe field at the trap minimum (x = 0, y0)
is given by Aeff = Pprobe/Iprobe, with Pprobe being the
power of the guided probe field and Iprobe = c0〈|E(t)|2〉T
the intensity of the probe field at the trap minimum. In
the definition of the intensity, c is the speed of light in
vacuum, 0 is the electric permittivity, and 〈. . .〉 denotes
the time average of the square of the absolute value of
the electric field over one oscillation period. In Tab. I,
σ0/Aeff is evaluated for a quasi-linearly-polarized probe
light field with its plane of polarization orientated such
that the intensity at the position of the atoms is maxi-
mized [13], i.e., with its main plane of polarization con-
taining the fiber axis and the trap minima. The field is
chosen to be resonant with the cesium D2 cycling transi-
tion F = 4→ F ′ = 5 at a wavelength of 852 nm. All con-
figurations show large values of σ0/Aeff , with the weakest
coupling being 0.17 (e) and the strongest 0.43 (c). This
significantly exceeds the optical depth per atom of 0.08
that has been obtained experimentally with the two-color
nanofiber-based trapping scheme [2] and is a result of the
smaller trap–surface distance that can be achieved in the
case of the optical wire trap.
Cold atoms trapped in an inhomogeneous magnetic
field can undergo spin flips [27] when their magnetic
moment does not adiabatically follow the orientation of
the local magnetic field. An atom can, for example,
undergo a transition from a trapped (low-field-seeking)
state to an untrapped (magnetic-field-insensitive or high-
field-seeking) state and be lost from the trap. This ef-
fect becomes significant if atoms move through regions
of small or even vanishing magnetic field, e.g., in a linear
or spherical magnetic quadrupole field. Spin flips can be
efficiently suppressed by an offset magnetic field or by
using time-averaged potentials. In order to quantify the
effect of spin flips in our system, we calculate the spin flip
rate Γsf for the trapping configurations (a) to (e) using
the formula [27, 28]
Γsf =
piωt
2
exp
(
− piE0
2~ωt
)
, (8)
where ωt is the trap frequency, ~ is the reduced Planck
constant, and E0 = µB |gnJF ||B| is the energy gap be-
tween the potential branches for the different states. For
all example configurations, we obtain negligible spin flip
rates as summarized in Tab. I. In order to perform a
conservative estimation, the larger of the two trap fre-
quencies, ωr, has been used for the calculations. Advan-
tageously, the axial component of the fictitious magnetic
field shown in Fig. 1 acts as an integrated offset field
for the optical wire trap, thereby intrinsically suppress-
ing spin flips. This intrinsic offset field can be changed
by varying the fiber radius a, thereby changing the local
polarization of the guided trapping laser field and, thus,
the ratio between the azimuthal and axial components of
Bfict. Additionally, the offset field can be modified using
an axial component of the external magnetic field as it
is typically done for conventional magnetic wire traps.
This method was applied for example (e) in Tab. I.
An atom trapped in state |F = 4,mF = 4〉 may also
undergo a change of its hyperfine- and/or Zeeman state
due to spontaneous Raman scattering of trapping light.
In Tab. I, we calculate the light-induced excitation rate
Γexc according to [29]
Γexc = Itrap
[
ηs + (−1)F−I+1/2mFCηv
]
, (9)
with Itrap(x = 0, y0) being the intensity of the trapping
field at the trap minimum, ηs = 0.2446 kHz cm
2/MW
and ηv = 2.860·10−2 kHz cm2/MW the scalar and vector
scattering coefficients, F and I the conventional quan-
tum numbers of the total spin and the spin of the atomic
core, respectively, and C the trapping field polarization
ellipticity [16]. The rate Γexc is a worst-case estimate as
spontaneous scattering does not necessarily change the
atomic state. However, we expect inelastic scattering to
be enhanced because the wavelength of the optical wire
trap lies in between the two D-lines [30]. The values ob-
tained for the configurations (a) to (e) are on the order of
1 s−1 to 10 s−1 which, despite the smaller detuning of the
trapping field, is comparable to the rates for the two-color
trap realized in [1]. This is due to the low intensity of the
trapping light at the position of the atoms as compared
to the two-color scheme. Note that optical-wire-trapping
of other alkali atoms than cesium should be feasible, too.
However, for the same trap depths, the scattering rate
will be larger by a factor of about 3, 12, and 67 for ru-
bidium, potassium, and sodium, respectively [31].
The potentials presented above are translationally in-
variant along the fiber and thus form a guide for atoms
5P (mW) Bbias (G) U0/kB (µK) y0 − a (nm) ωr/(2pi) (kHz) ωϕ/(2pi) (kHz) σ0/Aeff Γsf (s−1) Γexc (s−1)
(a) 1.2 16 210 189 247 67 0.20 8× 10−7 16.0
(b) 1.2 22 310 148 307 92 0.30 7× 10−8 23.4
(c) 1.2 28 150 115 357 119 0.43 6× 10−9 32.1
(d) 2.4 44 608 150 433 128 0.30 2× 10−13 46.0
(e)∗ 0.15 2.6 7.1 205 45 19 0.17 1.5× 10−9 1.7
TABLE I. Example configurations of the optical wire trap and respective trap parameters: P optical power of the guided
trapping field, Bbias magnetic bias field, U0/kB trap depth, y0− a separation between trap minimum and nanofiber surface, ωr
radial trap frequency, ωϕ azimuthal trap frequency, σ0/Aeff optical depth per atom, Γsf spin flip rate, Γexc trapping-light-induced
excitation rate. The ∗ indicates the presence of an additional magnetic offset field along −z of 1 G.
parallel to the fiber axis. Additional axial confinement
can be straightforwardly provided by means of an exter-
nally applied inhomogeneous magnetic field. Moreover,
counter-propagating fiber-guided fields can yield a peri-
odic axial modulation of the fictitious magnetic field [17]
and, thus, might allow one to form a periodic array of
trapping sites.
In summary, we proposed a novel nanofiber-based trap-
ping scheme and analyzed important trap parameters
in detail. Our optical wire trap features depths which
are sufficient to store laser-cooled atoms while using op-
tical powers of the trapping field which are one order
of magnitude smaller than these for a typical two-color
nanofiber-based trap. Thanks to the close analogy of
our scheme to conventional wire traps for paramagnetic
atoms, established techniques from this field such as the
adiabatic transformation of trapping potentials for trap
loading, evaporative cooling of the atoms, or the interro-
gation of the atomic ensemble using dispersive light fields
should be applicable for the optical wire trap [20, 32–
34]. Our scheme can access trap parameters compara-
ble to the steepest wire traps formed close to minia-
turized wires [22, 35] such as current-carrying carbon
nanotubes [36–38], thereby opening up opportunities for
studying surface physics [39] and one-dimensional matter
wave dynamics [40, 41]. Additional magnetic trapping
configurations might arise due to the fact that fictitious
magnetic fields can also have a local maximum in free
space which is not possible for real magnetic fields [42].
In contrast to conventional wire traps, surface-induced
spin flips due to Johnson noise [43] will be negligible in
our system [44], even for small separations of the atoms
to the dielectric surface of the nanofiber. For typical con-
figurations of the optical wire trap, the local minima of
the potential are about 100 to 200 nm away from the fiber
surface which is a key advantage when it comes to op-
tically interfacing trapped atoms with further nanofiber-
guided light fields. In our system, optical depths per
atom of up to about 0.4 are accessible, opening a realm
of applications in nanofiber-based nonlinear and quan-
tum optics.
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